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SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1 .0 

Ionic Pre-concentration XRF 
Detection and Analysis Device, 
System and Method 

Background of Invention 

[0001] This invention relates to the field of x-ray fluorescence analysis systems with pre- 
concentration devices, particularly for the in-situ measurement of ultra-trace levels of 
ionic contaminants in aqueous solutions. 

[0002] Virtually all elements in the periodic table form compounds that are soluble in 

water. Dissolved impurities exist in aqueous streams as positive and negative charged 
pairs of anions and cations. Many of these impurities are toxic for human 
consumption or harmful to industrial processes. Therefore, the detection and 
quantitative measurement of the concentration of these impurities is of interest. 

[0003] The present invention was developed to assist industries which have a continuous 
need to in-situ monitor effluent discharges to sanitary systems, and industries within 
the manufacturing arena where ultra pure fluids are required, such as for the 
production of microchips, or where fairly precise concentrations of trace elements 
within fluids are desired. This invention is also useful to ensure the quality and purity 
of intake or supply waters more generally to meet health and environmental 
standards. Current methodologies for the detection of trace materials, e.g., trace 
metals and other ionic components within process fluid streams, typically require 
samples to be prepared for off line analysis by specialized laboratories, which can be 
both costly and time consuming. Valuable production time is lost while waiting for 
results of required tests, or worse, when unacceptable concentrations are allowed to 
pass through the system for lack of continuous, on-line monitoring capability. 
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[0004] 



The usage of x-ray fluorescence (XRF) as an analytical method is well known to 



those skilled in the art. The XRF technique uses x-rays from a source directed towards 
the sample which are absorbed by the atoms in the sample. If the primary x-ray 
energy is sufficient, electrons in the atom are ejected from the higher binding energy 
inner shells creating vacancies and leaving the atom in an excited state. As the 
vacancy is filled by electrons from the lower binding energy outer shells, a photon 
with energy equal to the difference in the binding energy of the outer and inner shell 
electrons is ejected from the atom. Each element in the periodic chart has a unique set 
of energy levels, thereby allowing for identification of its presence through analysis of 
the energy of the emitted photon. The rate at which such photons are detected can be 
related to their concentration. In general, the higher the atomic number of the 
element, the more energetic are its characteristic fluorescence photons. By examining 
the intensity of the energy spectrum of the detected photons, the technique is capable 
of non-destructively determining the relative elemental composition of a sample. 
Because the emitted photons are attenuated by intervening materials between the 
sample and the detector, the technique is generally incapable of detecting low-atomic 
number (Z) elements below neon (Z= 1 0) with energies less than 1 keV. 

[0005] XRF spectroscopy has been utilized for several decades in the analysis of fossil 

fuels, food products such as cooking oils, soft drinks, wastewater, drinking water and 
medical fluids. Typical XRF processing requires the gathering of sample material so 
that it can be inserted into the instrument. 

[0006] ji^g sensitivity of XRF techniques depends upon the achievable signal to noise 
ratio. This is determined by the number of photons emitted from the element of 
interest at its characteristic x-ray energy that can be detected compared to photons of 
nearby energies scattered into the detector via other processes. Because the 
background is randomly distributed, the signal to noise ratio can be improved by 
extending the exposure time. A carefully constructed standard XRF unit is able to 
achieve sensitivity of about 1 to 10 parts-per-million (ppm) in mass ratio with about 
30 minutes of exposure. However, to improve that sensitivity by a factor of two 
statistically requires a factor of four times as long a time, i.e., sensitivity improvement 
varies only with the square root of time. Therefore, to detect trace-level impurities at 
sub-ppm, the exposure times required would be inordinately long. Long exposure 



App_lD=10065683 



Page 2 of 88 



u in s iBiB 3 /i! 1. n a oi p 



time usually introduces other non-statistical limitations, such as, but not limited to, 
gain drift in the detector, source output stability, etc. Thus, for all practical purposes, 
real-time analysis by direct XRF technique is limited to the ppm level since any greater 
sensitivity requires exposure times in excess of a few hours, 

[0007] For quantitative work at better (greater sensitivity) than the 1-10 ppm level, 

processing of the material by means such as leaching, filtration, surface treatments, 
etc., by a highly trained individual is required to control "matrix" effects. This can take 
from several hours to days. This lengthy time between collection and reporting of 
analytical results prohibits XRF from being considered a Veal time' analytical method 
at ppm or better sensitivity levels. 

[0008] The detection sensitivity can be improved by pre-concentrating the sample. 

Various filtration techniques have been tried for the detection of impurities associated 
with particulate matters, and ion exchange and chelating membranes have been 
utilized for the pre-concentration of dissolved compounds. These techniques typically 
require complex reversal processes such as removal or cleansing of a filter or 
drastically changing the pH of an ion exchange bed, for example. The capability to 
perform these pre-concentration steps and the subsequent analyses //7-5/m generally 
requires intervention of highly trained personnel and is not easily automated for on- 
site, real-time measurements. 

[0009] 

Technologies used for extracting trace materials such as trace metals and ionic 
components in flow streams are often based upon or incorporated into water 
purification technologies. For example, U.S. patents 5,954,937 and 5,425,858 both by 
Farmer disclose an electrochemical cell for the removal of dissolved impurity ions 
from a liquid medium for purification purposes. The invention makes use of a highly 
porous carbon aerogel with very high surface density to form the electrodes of a 
capacitor. Upon the application of a bias voltage, the dissolved ions are attracted to 
the respective electrodes where they are captured in a "double layer" structure. The 
process can be reversed electrically to regenerate the cell. The concept is similar to 
earlier patents by Andelman (U.S. Patent Nos. 5,192,432, 5,200,068, 5,360,540, 
5,41 5,768) that make use of a carbon fiber as the porous material wherein the 
capacitor is wound in a spiral configuration for the fluid to flow through the 
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electrodes, whereas Farmer uses a stack of capacitors requiring the fluid to flow 
between the electrodes. Farmer also recognizes that upon regeneration, the ions 
captured in the double layer can be discharged to a secondary chamber with 
significantly higher concentration to facilitate detection (see US 5,954,937, column 
27, line 43 through column 28, line 7). But, Farmer provides no disclosure on specific 
arrangements for in situ or remote measurements, nor on how to configure and 
operate a cell for such measurements, nor on how quantitative information regarding 
the concentration of the impurities in the flow stream can be determined. Clearly 
Farmer has not considered all of the technical issues that need to be resolved in order 
to obtain quantitative, in-situ or remote measurements of trace level impurity 
concentration in a flow stream. 

[001 0] For detection of trace level impurities in flow streams, additional prior art Is found 
In chemical based concentration systems. U.S. Patent No. 5,834,633 by Davison claims 
the use of a permeable membrane capable of binding the Impurity as a sampling 
device to collect and concentrate metal ions to facilitate detection using laboratory 
equipment such as is used in proton-induced X-ray emission (PIXE) techniques. 

[001 1] The prior art described above would be improved upon by an apparatus and 
method which provides a pre-concentration device capable of providing fully 
automated In-situ or remote analysis in real-time to provide quantitative 
measurements of trace materials in a fluid matrix, across a broad range of elements 
and concentration levels, by using well established XRF techniques but with 
significantly greater sensitivity than is made possible using standard XRF techniques 
and measurements. 

Summary of Invention 

[0012] . • ,. r 

The mvention disclosed herem comprises a pre-concentration cell that can be 
integrated with an x-ray fluorescence analysis system to achieve significantly 
improved sensitivity in the detection and measurement of trace element 
concentrations in flow streams (elements in fluids). The device, system and method 
herein disclosed is capable of being implemented on-line for fully automated, in-situ, 
quantitative measurements of these trace element concentrations in flow streams. The 
concentrations of these impurities are usually reported in parts-per-million (ppm) or 
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parts-per-billion (ppb) of mass units, or equivalently as microgram/gram for ppm, 
and nanogram/gram for ppb. At such low concentrations, the detection and 
quantitative measurement of these impurities is nontrivial, and requires novel and 
non-obvious devices, systems, and methods. 

[001 3] It is important at the outset to distinguish the removal of impurities from the 
detection and measurement of impurities. For the detection and quantitative 
measurement of Impurity concentrations by X-ray fluorescence, where the objective Is 
to obtain a quantitatively accurate concentration measurement, the design and 
operation of a concentration cell must be significantly different than for 
desalinlzation, or delonization more generally, where the objective is to saturate the 
electrode surfaces in order to maximally remove all dissolved ions. 

[0014] In general, the ability to detect an element present in trace amounts is determined 
by the intensity of the characteristic signal above background noise. The signal 
intensity is directly proportional to the concentration of the element, whereas the 
background noise arises from all other sources. The pre-concentration cell extracts 
ultra-trace levels of ionic contaminants from aqueous solutions in order to bring the 
intensity of the signal above background noise, so it becomes detectable by XRF or 
similar techniques. 

[001 5] Because most dissolved impurities exist as charged pairs, they can be 

concentrated by flowing the liquid in which they are contained through an energized 
capacitor. This process is commonly known as "capacitive deionization." The charged 
particles are drawn toward the positive and negative electrodes at a rate determined 
by their respective mobility In the solution and are captured by the respective 
electrodes to form what is known as a double layer. The amount of charge that can be 
collected is determined by the surface area available on the electrodes. This fact is 
exploited in the capacitive deionization processes to remove dissolved impurities from 
water, such as those disclosed in the patents by Andelman (U.S. Patent Nos. 
5,192,432, 5,200,068, 5,360,540, 5,415,768, 5.547,581, 5,620,597, 5,779,891), 
Farmer (U.S. Patent Nos. 5,425,858, 5,954,937) and Otowa (U.S. Patent No. 
5,538,611). 

[001 6] fiQ^ yjsiQx^ to be continued indefinitely, more and more of the anions and 



AppJD=10065683 



Page 5 of 88 



cations would become attached to the surface of the electrodes. Eventually, saturation 
would occur when the total charge on the electrode equals the ratio of the capacitance 
of the capacitor over the applied potential. Once saturated, while there is no further 
net charge buildup, an ion exchange process would continue through which high 
valence state ions replace low valence state ions in the double layer. By allowing this 
process to continue, eventually, the high valence state ions would be preferentially 
captured by the double layers in the electrode. Ordinarily, the desired data is acquired 
long before saturation, though in some circumstances, saturation may be desirable. 

[001 7] Because the capacitance of a capacitor is proportional to the surface area available 
for collection of charges, electrodes made of porous, pervious material with large 
surface to volume ratio are capable of holding significantly more electrical charges 
before reaching saturation than non-pervious materials. For application as electrodes, 
the material must also be electrically conducting. One such material is carbon in the 
forms of fiber or porous foam. A type of carbon foam known as aerogel can achieve 

3 2 

surface density as high as 1 0 m /gm, consisting of ultra-fine cells with average 
pore sizes of less than 50 nm. In general, the higher the density of pores and the 
smaller the pore size, the higher the surface density In area per mass unit. This 
aerogel material is extensively used as the electrode material for ultra-capacitors. 
Farmer's patent for desalinization based on the capacitive deionization process uses 
this aerogel material. 

[001 8] The basic invention comprises a single capacitor with two electrodes made of 
porous, low atomic number conducting material with very high surface density 
separated by a small gap to form a flow channel for the fluid being characterized. The 
pressure and flow rate of the sample fluid must be carefully regulated and optimized 
for purpose of enhanced detection and quantification, rather than deionization . With 
the application of a voltage to the electrodes, the dissolved ions are collected on the 
surface of the electrodes to build up the concentration needed for detection by XRF or 
similar technique. Upon shorting out the electrodes, all the captured ions are returned 
into the flow stream. The process, therefore, is reversible, and the preconcentration 
cells are reusable. 



[0019] 



In general, the XRF technique requires a source to illuminate the sample with 
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primary X-rays. In the present case, the sample comprises the electrodes of the 
capacitor with the captured impurity ions. Upon excitation by the primary X-ray, the 
impurity ions will fluoresce with emissions of photons of their characteristic energy. A 
detector capable of resolving the energy of the photons must be properly situated to 
collect the emitted photons. The measured intensity In each energy channel is then 
related to the concentration of the impurity on the electrode. The procedure for 
deducing quantitative information on the concentration of the impurities in the flow 
stream from the measurements is an important part of this invention. 

[0020] Because the electrode material is porous, it must be enclosed by a non-porous 

material of sufficient strength to contain the flow pressure. On the other hand, the X- 
ray source and the detector must be situated outside the flow enclosure. The presence 
of the enclosure attenuates both the incident primary x ray and the emitted 
secondary fluoresce photons. This is not a problem when the purpose is removal, e.g., 
deionization only. But for quantitative XRF analysis , inattention to the enclosure 
design will significantly reduce the sensitivity of the XRF technique. Therefore, the 
enclosure must be designed with a window that is highly transparent to the fluoresce 
photons. The design of the window and selection of suitable material for the window 
is also and important part of this invention. 

[0021] From signal to noise considerations, it is desirable that the sample being 

measured contain a minimum of intervening materials in the path of the primary X-ray 
and the secondary fluorescence photons. In the present case, the intervening 
materials includes the cell window for passage of the X-rays, the electrode material, 
and the contained fluid ("matrix") being tested. The design of the concentration cell to 
enhance the signal to noise ratio is also an important part of this invention. 

[0022] As will be discussed, it is also important to extract only a small percentage of 

impurities from the flow stream, and the flow rate must be carefully established and 
controlled to achieve this objective. Thus, determining and controlling a suitable flow 
rate of the fluid through the preconcentration cell is also an important part of this 
invention. 

[0023] The present invention is intended for utilization both at the source point for on- 
line installation and real-time measurements, as well as for measurements of samples 
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taken with the concentration cell at remote sites and then transported to an analysis 
site. The present invention also allows the measurements and analysis to be made 
automatically without operator interventions, and the system can be maintained by 
personnel with no prior knowledge of x-ray science, x-ray fluorescence techniques or 
chemistry. Because this can be implemented as an automated system, the data can be 
recorded or reported remotely via wired or wireless transmissions. All these 
capabilities represent significant novel and non-obvious improvements over current 
technologies. 

[0024] A preferred system for detecting and measuring concentrations of elements in 
fluids in accordance with the invention makes use of an ionic preconcentration cell 
comprising: an upper high surface area electrode comprising a high specific surfa.ce 
area thereof; a lower high surface area electrode comprising a high specific surface 
area thereof, substantially parallel to the upper high surface area electrode; a central 
flow interelectrode gap separating the upper and lower high surface area electrodes 
by a predetermined interelectrode gap width; and fluid flow means for flowing the 
fluid through the central flow interelectrode gap. Also Important is voltage application 
means for applying a voltage differential between the upper high surface area 
electrode and the lower high surface area electrode while the fluid is flowing through 
the central flow interelectrode gap, though it is understood that a suitable ionic 
preconcentration cell might be manufactured without the voltage application means, 
with the voltage application means subsequently added before the cell is used. 

[0025] A preferred method for detecting and measuring concentrations of elements in 

fluids in accordance with the Invention comprises the steps of: flowing a fluid through 
a central flow interelectrode gap of an ionic preconcentration cell separating an upper 
high specific surface area electrode from a lower high specific surface area electrode 
of the ionic preconcentration cell by a predetermined interelectrode gap width; and 
applying a voltage differential between the upper high surface area electrode and the 
lower high surface area electrode while the fluid is flowing through the central flow 
interelectrode gap. 

[0026] 

Therefore, it is desirable to provide a system that Is configured and optimized for 
quantitative detection and measurement trace elements rather than removal of such 
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trace elements, that can achieve higher sensitivity across a broader range of low- 
concentration levels. 

[0027] In particular, It is desirable for such a system to have a support structure that 
allows better penetration by x-rays or other radiation used for analysis, that avoids 
the entraining of excess fluids which can hinder the full range and sensitivity of 
detection, and that uses electrode materials better suited to detection and 
measurement rather than to removal of trace material concentrations. 

[0028] It is also desirable to provide optimum flow rates and pressures for the purpose of 
detecting and measuring rather than removing trace elements. 

[0029] It is also desirable to provide a system which substantially replaces trace elements 
back into the flow stream from whence they came, once detection is complete. 

[0030] It is also desirable to provide an x-ray fluorescence analysis system with an 
integrated ionic pre-concentration device. 

[0031] It is also desirable to provide for a portable, in-situ, x-ray fluorescence analysis 
system with an integrated ionic pre-concentration device. 

[0032] It is also desirable to provide for a stand-alone concentration cell that can be used 
to sample a flow stream for remote, off-line utilization, wherein the cell can later be 
transported to an x-ray source for measurement and analysis of the impurity 
concentrations In the flow stream, which is again optimized for XRF measurement 
rather than removal. 

[0033] It is also desirable to provide for a method of analyzing multiple species dissolved 
ionic concentrations, for purposes of both species identification and quantitative 
measurement of each species , as desired. 

[0034] It is also desirable to provide for the ability to perform such an analysis by remote 
telecommunications utilizing technology such as wireless transmission or the 
Internet . 

r 

[0035] It is also desirable to provide for a system which can be operated by lay personnel 
without advanced scientific training. 
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Brief Description of Drawings 

[0036] The features of the invention believed to be novel are set forth in the associated 
claims. The Invention, however, together with further objects and advantages thereof, 
may best be understood by reference to the following description taken in conjunction 
with the accompanying drawings in which: 

[0037] Fig. 1 is a top view of a preferred embodiment of the pre-concentration cell. 

[0038] Fig. 2 is a front cross-sectional view of the preferred embodiment of the pre- 
concentration cell. 

[0039] Fig. 3 is an exploded two-dimensional side view of the electrode assembly of the 
pre-concentration cell. 

[0040] Fig. 4 is a front cross-sectional view of the assembled electrode assembly. 

[0041] Fig. 5 is a top view of the upper or lower high surface area electrode. 

[0042] Fig. 6 is a top view of the interelectrode spacer. 

[0043] Fig. 7 is a top view of the upper or lower sealing o-ring. 

[0044] Fig. 8 is a top view of the upper or lower contact ring. 

[0045] Fig. 9 is a top view of the upper or lower transmission window. 

[0046] Fig. 1 0 is a top view of the upper or lower window compression ring. 

[0047] Fig. 11 is a top view of the upper or lower electrical contact ring. 

[0048] Fig. 1 2 is a top view of the upper or lower retaining ring. 

[0049] Fig. 1 3 is a top view of the preferred embodiment of the pre-concentration cell 
including control modules. 

[0050] Fig. 14 is a schematic view of the overall XRF detection and analysis device, 
system and method. 

[0051] Fig. 1 5 is a front cross-sectional view of the operation of the pre-concentration 
cell. 
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[0052] Fig. 1 6 is a schematic view illustrating the double layer formation in the ionic pre- 
concentration cell. 

[0053] Fig. 1 7 is a flow chart detailing the measurement and analysis system operation 
when conducted during preconcentration . 

[0054] Fig. 1 8 is a front cross-sectional view illustrating the cleaning of the pre- 
concentration cell. 

[0055] Fig. 1 9 is a top view of the pre-concentration cell with voltage application means 
comprising a transportable voltage supply for preconcentration without immediate 
analysis, enabling subsequent cell transportability to an analysis site. 

[0056] Fig. 20, In contrast to Fig. 1 7, is a flow chart detailing the measurement and 
analysis system operation when conducted after preconcentration , 

[0057] Fig. 21 is a top view of an alternative embodiment of the preconcentration celL 

[0058] Fig. 22 is atop cross-sectional view of an alternative embodiment of the 
preconcentration cell with inlet flow tubes. 

[0059] Fig. 23 is a top view of an alternative embodiment of the pre-concentration cell 
with flow turbulence enhancers. 

Detailed Description 

V 

[0060] 

The invention disclosed herein comprises a pre-concentration cell that can be 
integrated with an x-ray fluorescence system and which is capable of being 
implemented as a fully automated system for in-situ installation and measurements. 
The pre-concentration cell extracts ultra-trace levels of ionic impurities from aqueous 
solutions in order to enhance their detection by x-ray fluorescence, and allows for the 
use of XRF techniques in the sub-part-per-miJ/ion (sub-ppm) minimum detection 
level (MDL) region. The pre-concentration cell can be installed on-line for in-situ data 
collection, analysis, and automatic reporting without human intervention, and because 
the pre-concentration times are comparatively short, it can be employed in a real time 
system. The ability to detect such contaminants in real time, and to measure them 
accurately, is an important improvement over existing techniques. It can also be used 
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for remote sampling, and then transported elsewhere for irradiation and analysis. 

[0061] This invention is applicable to the detection of a wide variety of ionic 

contaminants in a wide variety of fluid matrices. For example, this present invention is 
well-suited for detecting and measuring specific metal contaminants, such as arsenic, 
in drinking water, and for detecting and measuring other toxic metals such as lead 
and mercury in industrial discharge streams. It is also useful for detecting and 
measuring elements in other fluids, such as to ensure that fluids used for various 
industrial processes are as pure as is needed for those processes, or contain desired 
elements in desired concentrations. 

[0062] A primary component of the invention disclosed herein is the ionic pre- 

concentration cell 1 00 of Figs. 1 and 1 3, (and the very similar transportable pre- 
concentration cell 70/ of Fig. 1 9). Figs. 21 and 22 show some alternative cell 
embodiments. It is well understood that other embodiments are also feasible within 
the scope of this disclosure and its associated claims. This component will be 
described in detail in order to better understand the functionality of the in-situ XRF 
analysis system. 

[0063] Pre-concentration cell IOO \r\ its various embodiments has the ability to extract 

ultra-trace levels of ionic contaminants from aqueous solutions. In order to determine 
the concentration of an impurity in the flow stream, the ratio of the rate of 
concentration to the flow rate must be maintained constant. Because the rate of 
concentration is proportional to the concentration of the impurity in the flow stream, 
maintaining adequate flow rates through the cell f 00 ensures that the basic 
concentration levels in the fluid matrix remain substantially unchanged, resulting in a 
^ highly accurate quantitative measurement. This ionic pre-concentration cell JOO 
provides means of detecting sub ppm levels of dissolved ionic contaminants, a 
sensitivity not heretofore achievable with XRF and similar analytical techniques outside 
of a laboratory-based system. 

[0064] shown in top view Fig. 1 and front view Fig. 2, the ionic pre-concentration cell 

comprises a cell collector body J02w\th an inlet flow port 104 , an outlet flow 
port JOS , an inlet flow slot JOS , an outlet flow slot I JO , an electrode assembly 7 J2 
(detailed further in Figs. 3 and 4), and tightening fasteners J09 . Preferably, the cell 
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collector body 7^7-? comprises a non-conductive, low-Z material suitable for use in a 
high radiation environment. In general, any material is suitable for cell collector body 
/<92that is non-metallic and non-conductive with the capability or characteristic of 
being readily machined into shapes. To be avoided are metals such as iron or copper 
that could leach dissolved ions into the flow stream and thereby cause a false reading 
(thus the material used must have suitable resistance to ionic leaching). The material 
must also be resistant to radiation degradation at the x~ray energies to which it will 
be subjected during testing. Delrin ® plastic or any similar material with the 
aforementioned properties that is known in the art or may become known in the 
future is suitable for this purpose. Other possibilities include, but are not limited to, 
other plastics, fiberglass products such as NEMA C-10, or even glass so long as the 
glass utilized can be properly machined. 

[0065] The inlet flow port 104 a.n6 outlet flow port 106 are preferably passageways laid 
out substantially parallel to each other and substantially on the same plane on 
opposite ends of the pre-concentratlon cell 100 . Their illustrated circular cross- 
sectional shape in Fig. 2 can be varied at will within the scope of this disclosure and 
its associated claims so long as they permit the aqueous solution being tested to flow 
therethrough. Between the inlet flow port 104 and the outlet flow port 106 , is 
electrode assembly J 12 , that connects the flow channel from inlet to outlet of the 
pre-concentration cell 100 , as can be seen by examining Figs. 1 and 2. 

[0066] Projecting substantially perpendicularly from inlet flow port J 04 to electrode 

assembly 112 is an inlet flow slot /<:7<^ which lies in substantially the same plane as a 
central flow interelectrode gap 222 (see Figs. 3 and 4) of electrode assembly / 12 . 
Similarly, on the opposite side of the electrode assembly 112 , an outlet flow slot 11 0 
connects the central flow interelectrode gap 222 to outlet flow port 706 , Outlet flow 
slot nO \s substantially perpendicular to the outlet flow port J06 , These 
perpendicular configurations of the flow ports 104 and 7^5 relative to the flow slots 
7 OS and 7 70 are non-limiting and for illustration only, and other configurations are 
equally acceptable within the scope of this disclosure and its associated claims, 

[0067] 

Figs. 3 and 4 detail electrode assembly 7 72 . High surface area electrodes 27S and 
220 separated by central flow interelectrode gap 222, fixed by interelectrode spacer 
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231 or similar spacing means, comprise an electrical capacitor. Moving outward from 
central flow interelectrode gap 222 , the upper and lower high surface area electrodes 
( 2/^ and 220) are held in place by upper and lower contact rings 225 and 224 , 
which is sealed by upper and lower sealing o-rlngs 22Jand 225 , as shown in a top 
view in Fig. 7 and 8, respectively. The contact rings 224 and 225 have essentially a 
stepped cross-section to hold the electrodes 2/^ and 22^7 and windows 22^ and 232 
in place. The cross-section, as specifically shown in Fig. 3, is a functional design but 
not in any way a limitation. To minimize noise, contact rings 224 and 225 are 
preferably fabricated from a low-Z carbon compound or compound with similar 
electrical and corrosion resistant characteristics. 

[0068] An upper transmission window 228 highly transparent to the x-ray excitation and 
fluorescence radiation is held in place, essentially flush with the upper electrode 218 
within the contact ring, by an upper window compression ring 219 , an upper 
electrical contact ring 22P and an upper retaining ring 230. Similarly, an optional 
lower transmission window 232 is held in place by a lower window compression ring 
221 , a lower electrical contact ring 227, and a lower retaining ring 234 . These 
transmission windows 22^ and 2J2 seal electrode assembly 7/2 within the pre- 
concentration cell /^76> . Voltage is applied to electrodes 2/i^and 22(9 via voltage 
application means for applying a voltage differential. For example, without limitation, 
voltage is applied to the upper electrode 2/<y via the upper electrical contact 336 
located on the upper electrical contact ring 229 . Similarly, voltage is applied to the 
lower electrode 22<9 via the lower electrical contact 338 or\ the lower electrical contact 
ring 227 . Alternatively, but again only as an example without limitation, retaining 
rings 256' and 234 may themselves double as the electrical contact to the electrodes 
218diX\d 220. Indeed, any suitable voltage application means such as described above 
or otherwise known or which may become known in the art is acceptable within the 
scope of this disclosure and its associated claims. 

[0069] yy^gp iiqjjjd under analysis flows through the inter-electrode gap 222 with a 
voltage applied to the electrodes and thereby causing the electrodes to act as a 
capacitor, oppositely charged ions in the flow stream are attracted to the charged 
plates where they are trapped in a double layer formation. The amount of charge that 
the capacitor can hold is proportional to the total surface area of said capacitor. An 
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ideal material for such a capacitor to be used as a pre-concentration device for XRF 
analysis needs to have good conductivity, is porous with optimum pore sizes (large 
enough to facilitate ion transport in and out of the material and small enough to have 
a very high internal surface to void ratio), and is made of the lowest atomic number 
material possible (to be as transparent as possible to x-rays), 

[0070] Nanocellular carbon (NCC), manufactured by Ocellus Inc. of Livermore, California, 
which is disclosed in U.S. Patent 5,945,084, is an ideal material for this purpose, 
though it is understood that other materials with similar properties that might be 
developed in the future may also be suitable as well within the scope of this disclosure 
and its associated claims. NCC comprises conductive sheets of carbon with very high 
surface to volume ratio by incorporating a distribution of pore sizes narrowly grouped 
around a well-controlled optimum size. The optimum pore size is selected to enable 
ions to readily migrate into the pores for double layer formation and out again for 
cleaning upon removal of the voltage. 

[0071] While the aerogel employed by Farmer could also be used for pre-concentration in 
accordance with this invention, it is less preferred, since it has significantly more 
smaller pores that are too small to establish formation of double layers and Inhibit the 
transport of the ions to and from the electrode surfaces. Trapped ions that are not 
removed during the self-cleaning cycle adds to a cumulative background and 
decrease the sensitivity of the XRF analysis over time. 

[0072] Thus, for the concentration of dissolved ions to facilitate detection that is of 

interest here, the high surface area electrodes 2/<?and 22(7 preferably comprise NCC 
or any similar material that may be developed In the future in which the size of the 
pores can be optimized for double layer formation and for transport of the Ions, and 
less preferably, but still within the scope of the invention, a carbon aerogel. For 
formation of double layers and ease of ion transport in and out of the pores, the 
characteristic dimension of the pores should be in the 20 ± 10 nm range. NCC with 
properties similar to what is disclosed within U.S. Patent 5,945,084 is preferred 
because it can be manufactured with a higher proportion of its pore sizes engineered 
to achieve high surface area with average pore size clustered around the desired value 
to provide greater collection capability for the desired ions, and for ease of cleansing. 
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[0073] The specific properties of this NCC electrode material which make it suitable for 
this application include a large plurality of pores characterized by a specific surface 

area of at least approximately 100 m ^ /g; an average pore diameter of said pores 
between approximately 30 nm and 1 0 nm per pore; a distribution of pore diameters 

grouped with a standard deviation of less than approximately 1 0 nm around the 

average pore diameter; an x-ray transparency greater than approximately 90% for 

characteristic photon energies from an element of Interest for which a fluidic 

concentration is to be measured by said system; electrical conductivity of 1 0-40 

mOhms-cm when fabricated into a '/4 mm thick electrode; the ability to contain 

approximately at least 0.1% by weight of foreign material relative to the high surface 

area material prior to saturation; high structural rigidity wherein a displacement under 

the flow of the fluid does not exceed approximately 0.25mm; high wetting ability 

wherein an approximately Va mm thick sheet of the high surface area material 

becomes substantially wetted in less than approximately three seconds; and freedom 

from metallic impurities in excess of approximately .5 parts per million, when 

measured by XRF analysis. In order to achieve satisfactory performance, the use of any 

alternative or substitute material for the upper and lower high surface area electrodes 

218 and ^-Pt? possessing similar properties to those outlined above is regarded to be 

within the scope of this disclosure and its associated claims. 

[0074] 

Fig. 5 is a top view of the upper and lower high surface area electrodes 21 Sand 
' 220 . As shown in the figure, they are typically round in shape but could be formed in 
any alternative shape within the scope of this disclosure and its associated claims. 
Upper and lower high surface area electrodes 21 S and 220 , again, preferably 
comprise the NCC materials such as disclosed in U.S. Patent 5,945,084. The 
thicknesses of the high surface area electrodes 27^ and 220 are determined by the 
transmission probability of the x-ray radiation to be used for analysis. For example, 
assuming that water is the liquid to be analyzed, then: If the radiation being analyzed 
is 1 5keV (typical of K-line radiation in the region of atomic number 39 or L-line 
radiation in the region of atomic number 95), the electrode material should be about 8 
± 2mm thick; lOkeV radiation (typical of K-line radiation in the region of atomic 
number 32 or L-line radiation in the region of atomic number 80) would require 2.5 ± 
1 mm optimum thickness; while x-rays at or below 5keV (typical of K-line radiation in 
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the region of atomic number 23 or below or L-line radiation in the region of atomic 
number 59 or below) could only effectively transit less than ¥2 mm of electrode plus 
matrix (again assuming water for the matrix to be analyzed). 

[0075] More generally, when an x-ray passes through matter, its intensity is attenuated 
exponentially as a function of the distance characterized by the mass absorption 

2 

coefficient of the matter, m (in cm /gm), which is a function of the photon energy 
and the atomic number of the material, see, for example, the Center for X-ray Optics 

X-Ray Data Booklet PUB-490, Douglas Vaughan ed. Lawrence Berkeley Laboratory, 

Oct. 1 985, pages 2-28 through 2-48. In general, the lower the energy of the photon, 

and the higher the atomic number of the material, the larger is the value of the mass 

absorption coefficient. The numerical inverse of the product of the mass absorption 

coefficient ( m , In cm ^ /gm) and the density of the material ( p , in grams/cm ) is 
given by (cm)= 1 / M P , and Is the optical depth of the photon in the material, that is, 

the path length of material of density p with mass absorption coefficient p that will 

absorb 1 /e or about 63% of the incident photons. Because of the attenuation effect, 

most of the fluorescence photon signals detected will have originated from the layer 

of the electrode on the order of the optical depth closest to the detector. Any 

additional materials present will contribute more significantly to the background than 

the signal. For this reason, to obtain maximum sensitivity, the thickness of the 

electrode nearer to the x-ray source and fluorescence detector should not exceed the 

optical depth of the photon to be detected, that is, this thickness should less than or 

equal to The two electrodes need to be matched (to ± 1 0% or so) in order to maintain 

the desired electrical properties. 

[0076] Thus, for example, for detection of arsenic, which has an x-ray energy at about 1 0 
keV, the NCC electrode thickness can be as much as 1 mm, and even up to 2 mm. 
However, for detection of the lighter elements (Z < 20) for which the fluoresce photon 
energy is only a few keV, the electrode thickness should optimally be around 1 00 
micron. 

[0077] 

From the same signal to background noise consideration, the central flow 
Interelectrode gap spacing 222 (predetermined interelectrode gap width) between 
electrodes 27i^ and 220 should be made very small to limit the amount of fluid 
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entrained between them, without excessively impeding the flow of the sample fluid 
through the cell. Excessive flow impedance would require a high pressure to induce 
the flow which would cause the thin window that is part of the system (described 
below) to bow out, and that would have detrimental effects. In special cases the 
Venturi effect could be utilized to balance the pressure required against the desired 
flow rate, however, this would limit the particular design to a limited range of flow 
rates depending upon the viscosity of the liquids being analyzed. Typically, a 
characteristic interelectrode gap spacing of approximately 2 mm is preferred. 
Minimum values range as low as 1 mm. .5 mm, and even .25 mm. Maximum values 
range as high as 2 mm, 5 mm and even 10 mm. The quantitative determination of an 
optimum width for the interelectrode gap is discussed in further detail later on. 

[0078] A top view of the upper and (optional) lower transmission windows 228 and 232 is 
shown in Fig. 9. The transmission window is preferably round (but it, and all the other 
components in Figs. 5-1 1 , can be any suitable shape within the scope of the 
disclosure and claims) and is fitted to integrate with the contact rings 224 and 226 
and the window compression rings 219 sind 221 . Fig. 10 is a top view showing the 
details of the upper and lower window compression rings 27^ and 221 .As shown in 
these figures, the L-shaped ringed structure has a central opening to allow access to 
the transmission windows 228diX\6 2J2while firmly holding them in place around 
their perimeter. Figure 1 1 shows a top view of the electrical contact rings 227 and 229 
and Figure 1 2 shows a top view of the retaining rings 230 ^x\6 234 , These rings are 
sized to include pass throughs to allow access to the transmission windows 228 and 
232 and comprise indentations to allow for use of the tightening screws 109 . 

[0079] Upper and lower thin transmission windows 22*9 and 232 serve dual purposes by 
enabling the excitation x-ray and fluoresce photons to pass therethrough with 
minimum attenuation and also by acting as a fluid barrier to seal pre-concentration 
cell 100 . Preferably, transmission windows 22<? and 2J2 comprise Kapton ® , a 
patented proprietary material manufactured by DuPont Chemicals. Kapton ® is a 
hydrocarbon-based rigid plastic material that is ideal for x-ray radiation transmission 
(it is typically more transparent and scatters less radiation than most fluids of interest 
for analysis, by a factor of about ten) and its mechanical properties minimize window 
bowing (bending) so that less than a tenth of the thickness of liquid being analyzed is 
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entrained between the window and the electrode. Such bowing would be undesirable 
in this application because it would lead to fluid entraining between the bent window 
and the electrode that would then contribute to the attenuation of the X-ray and add 
to the background noise signals. 

[0080] Any suitable material can be utilized for the x-ray transmission window as long as 
it is compatible with the fluid being analyzed, transmits x rays of interest efficiently 
(high signal), minimizes scattering of x rays that are not of interest (low noise), and is 
rigid enough, even as a thin window, to resist bending and thus remain in intimate 
contact with the high surface area electrodes 2/*^ and 220 under any flow rates and 
pressures that might be used. Kapton is preferred for its mechanical stiffness 
compared to other suitable materials such as polyproylene, Saran, Formvar, Mylar, or 
Kimfoil, but it is understood that the use of these latter and similar materials also falls 
within the scope of this disclosure and its associated claims. Kapton is also preferred 
because it is low in contaminants as compared to Beryllium and compatible with a 
wide variety of fluids as compared to Boron Nitride. But, it is to be understood that 
other materials such as Beryllium and Boron Nitride could be used in place of Kapton 
if future advances In materials technology should manage to overcome these 
problems and if these materials can be fabricated as thin windows providing a water 
barrier with suitable x-ray transparency, corrosion resistance, and resistance to 
bowing. 

[0081] As a more general rule, any material known or which may become known in the 
art is acceptable to be used for window 228d.x\^ optionally window 232 , so long as 
that material comprises: an atomic number below 1 0; structural rigidity to support up 
to 1/10 atm. of pressure without bowing more than approximately 1 00 microns; 
substantial impermeability relative to said fluid; x-ray transparency greater than 90% 
for characteristic photon energies from an element of interest for which a fluidic 
concentration is to be measured by said system; x-ray scattering therefrom 
minimized to less than approximately 10% of radiation scattered from a column of 
said fluid equal to one optical depth In said fluid of a characteristic photonic energy 
from an element of interest for which a fluidic concentration is to be measured by said 
system; and freedom from any single contaminant in excess of 1 part per million, 
when measured by x-ray fluorescence. 
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[0082] Further, and also importantly, the Kapton or similar-material thin window is 

configured to be m intimate contact with ttie fiigh surface area electrode . "Intimate 
contact," as used herein, is functionally defined to mean that the thin window is close 
enough to the high surface area electrode, and remains close enough to the high 
surface area electrode even under pressure from the flow of the fluid matrix under 
analysis, such that the absorption and scattering due to intervening entrained fluid 
between thin window and the high surface area electrode is less than approximately 
the absorption and scattering due to the window material itself. 

[0083] The thickness of the window should be significantly less than the attenuation 

length for the energy of the x-ray yet thick enough to support the water pressure. For 
x-ray energies in the 1 to 1 0 KeV range for measurement of light elements, a 
preferred thickness for the thin Kapton windows is approximately 8 microns, to 
maintain maximum sensitivity for the measurement of light elements. For 
measurements of heavier elements, the x-ray energy needs to be higher in the 10- 
20keV range and a thicker window (8-25 microns) may be used to allow for higher 
pressure to increase the flow rate. 

[0084] ji^g cross-section of the pre-concentration cell WOs\\o\Nn in Fig. 4 and the 

exploded view in Fig. 3, detail the layout of the electrode assembly 7 72 within the 
pre-concentration cell 7 . Although the pre-concentration cell ]00 \s presented as a 
horizontal assembly throughout this disclosure, it is to be understood that it is 
orientation independent, such that it can be implemented in any configuration, such 
as horizontal or vertical, or anything in between, that fits best with the application. It 
is further observed that the terms "upper" and "lower" are used to refer to such 
elements of preconcentration cell 1 00 diS the electrodes 218, 220 ^nd the windows 
228 , 232 . These terms are to be understood not in terms of "higher" or "lower" with 
respect to a gravitational field, but in terms of how preconcentration cell 100 is to be 
oriented relative to the x-ray source means 644 and fluorescence detector 648 for 
XRF analysis. The "upper" preconcentration cell elements are to be understood as 
those that ultimately are to face the x-ray source means 644 and x-ray fluorescence 
detector 648 durmg the XRF analysis, and that the "lower" elements are those on the 
far side of this x-ray equipment. If the x-ray equipment were to be placed 
gravitationally below the cell, then the "upper" elements would be gravitationally lower 
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than the "lower" elements. 

[0085] It is also to be noted that the various window properties discussed above are 

optional for the "lower" window, insofar as it is possible to simply seal the "lower" face 
of the preconcentration cell with any material that provides a suitable fluid barrier and 
will not degrade under x-ray exposure or contact with the fluid of interest. The x-ray 
scattering and transmission properties of the lower face of the call are of much less 
importance than those of the "upper" window since it is the upper window through 
which the x-rays are transmitted and XRF readings are taken. 

[0086] Figure 1 3 shows a top view of the preferred embodiment of the pre-concentration 
cell /t7(7 including the necessary control modules. To enable automated operation of 
the system, the preconcentration cell is fitted with an inlet automated valve 3S0 
connected to the inlet flow port 104 and an outlet automated valve 382 connected to 
the outlet flow port 106 , Such valves are capable of being remotely controlled to turn 
on and off the flow stream into the pre-concentration cell. In addition, and desirably, 
ionic pre-concentration cell 1 00 comprises a variety of diagnostics to set, monitor and 
control system performance, such as, but not limited to: flow control means 384 
comprising, for example, not limitation, a pressure sensor to set the flow potential 
and flow meter to monitor the flow rate; voltage application means comprising, 
for example, not limitation, an electric potential and current meter 386 to set and 
monitor the applied potential (voltage differential); and leakage current monitoring 
means 388 to monitor the leakage current which gives a measure of the conductivity 
of the sample fluid due to presence of dissolved ions and the rate that they are being 
extracted from the flow stream. 

[0087] 

The pre-concentration cell /OO , as described above, is an enabling component to 
facilitate automated detection and measurement of impurities in fluids at sub-ppm 
concentration level as shown in Fig. 14. For purpose of illustration, the size of the 
pre-concentration cell is greatly exaggerated. As shown in Fig. 14, an x~ray source 
means 644 for providing energy for fluorescing the captured ions in pre- 
concentration cell J 00 is situated at an angle above pre-concentration cell /OO . X-ray 
source means 644 may also comprise an x-ray emitting, sealed radioactive source. As 
is common practice in XRF systems, a filter ladder (not shown) may also be included 
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between the X-ray source and the pre-concentratlon cell. The filter ladder holds filters 
of different material and thickness to shape the spectrum of the excitation X-ray from 
the source. 

[0088] A beam stop assembly means 646 for confining the radiation to the pre- 

concentration cell 1 00 and preventing radiation leakage to the outside is placed 
opposite the x-ray source in the pre-concentratlon cell 76^^? lower window area. The 
beam stop assembly preferably comprises three elements, namely, silicon, copper and 
tin, with the silicon layer closest to the source/detector area and the tin layer furthest 
away. All beam stop assemblies known or which may become known in the art are 
considered as possible for use here. 

[0089] Detector means 5-^^ for collecting the fluorescence produced by the captured Ions 
in pre-concentratlon cell 7 00 (I.e., for detecting photons emitted from 
preconcentration cell after it is irradiated) is positioned on the same side of the pre- 
concentration cell JOOsls the the x-ray source 6''^^and is oriented for such collection. 
This arrangement is for purpose of illustration as one possible implementation. Any 
other arrangement that directs the x-ray to the pre-concentration cell and allows the 
fluoresce photons to be collected by the detector are also within the scope of this 
invention as disclosed and claimed. 

[0090] Analysis means 652 , 654 for analyzing this fluorescence data, such as but not 
limited to the illustrated multi-channel analyzer and host computer, is used for 
processing and analyzing the fluorescence image data captured by x-ray fluorescence 
detector 64S . The host computer illustrated by 654 can optionally be multi- 
functioned to control the operation of the system and for data analysis. 

[0091] jjr^Q present invention utilizes as x-ray source means 444 , preferably, but without 
limitation, a Kevex model 5039S X-ray source which generates up to 50 keV electrons 
at 1 .0 mA. The resulting Bremstrahlung radiation from a tungsten target generates the 
primary x-ray beam from the source. The input x-ray flux must have sufficient energy 
and intensity to excite the metal ions captured in the pre-concentration cell /OOto 
fluoresce in order for detection to take place. Alternatively, the present invention 
could also utilize as x-ray source means 644 , a sealed x-ray source, obtainable from 
vendors such as Isotope Sciences of Canoga Park, California. The advantage of sealed 
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sources is that they do not require power inputs from external sources. Similarly, any 
other type of x-ray source means 644 known in the art or which may become known 
in the art, which meets the functional requirements specified herein, is also suitable 
for use within the scope of this disclosure and its associated claims. 

[0092] The preferred, but without limitation, x-ray fluorescence detector means ^^^is an 
Amptek model XR-IOOCR solid state x-ray detector with 5mm crystal in combination 
with a multi channel analyzer (MCA8000) also from Amptek. This system is either 
battery powered or powered from conventional power sources. X-ray fluorescence 
detector means ^^^may also comprise any other suitable detectors known or which 
may become known in the art, within the scope of this disclosure and its associated 
claims. A combined x-ray source and a detector as a single unit can also be used in 
conjunction with the concentration cell installed in the flow stream as a complete 
system for detection of impurity concentration in flow streams. 

[0093] For fully automated operation, the system needs to be connected to a computer, 
such as a personal computer (PC). This can be separate from host computer illustrated 
as 654, or as noted above, can be a function provided by the host computer. The 
function of the computer is to control the operation of the system; to collect, store 
and analyze the data; and if desired, to transmit the data via a modem, wireless, or 
similar telecommunications means. 

[0094] The functions required to control the operation of the computer may include but 
are not limited to operations which: turn on and off the valves to allow the sample 
flow stream through the system; set the pressure on the flow pressure regulator; 
monitor the outputs from the flow meter and regulate the flow pressure to maintain 
constant flow; set and apply a voltage to the electrodes; monitor and store the leakage 
current across the capacitor; turn on and off the XRF source if a non-radioactive 
source is used and set the voltage applied; turn on and off the multi-channel analyzer 
and record the output spectrum of the analyzer at frequent intervals; and accept 
inputs from an operator to set and store the desired operating parameters. 

[0095] functions required to analyze the data may include but not be limited to: 

, analysis of the stored data to determine the count rate in each energy channel; 
detection of signals above background; and comparison of detected signals with a 
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stored lookup table to identify the elements, using a variety of commercially available 
or custom-developed algorithms. 

[0096] The functions required for transmission of data may include but are not limited to 
connecting to a modem or transmitter or other telecommunications means at user 
specified-times or intervals, or to send a signal or trigger and alarm when the 
concentration' of any specified impurities identified exceeds preset threshold values; 
and calling up the data and transmitting the data. Alternatively, all or some of these 
functions noted in this paragraph may be performed by human intervention. 

[0097] Referring to Fig. 1 5, the operation of the XRF analysis system will now be 

described. Because an x-ray of sufficient energy is capable of inducing fluorescence in 
all elements, the materials comprising the cell itself will contribute to the signals 
detected. Therefore, prior to its use, each pre-concentration cell must be 
characterized to establish the background that it contributes, as well as Its other 
pertinent characteristics. Each cell thus comprises background data , sensitivity data , 
and ion extraction rate data acquired from and associated therewith, which is 
measured after the cell is fabricated and assembled following the manufacturing 
process. This establishes a calibration for the cell. 

[0098] To characterize the baclcg round data associated with the pre-concentration cell, 
the flow channel volume 222 is first filled with distilled water of high purity (or any 
other fluid to be analyzed, in a highly pure form). The distilled water is introduced 
through the inlet valve 380 inlet flow port 104 until the cell is full of water. Then, 
the outlet valve 382 of outlet flow port 106 is shut off in order to trap the water in the 
cell body 100 . The X-ray source 644 and the multi-channel analyzer 652 and 
detector 648 zx^ then turned on when the cell is completely filled to record the signals 
received. The signals are photons of different energies arriving at the detector 648 . 
The multi-channel analyzer 5"52 resolves the arriving photons into discreet energy 
channels according to their energy, to output a spectrum of intensities proportional to 
the number of photons in each energy channel detected. As the photons continue to 
arrive, the intensity in each energy channel will grow as a function of time. 

[0099] -p|^j3 Intensity spectrum consists of both a continuum due to scattering of the 
primary x-ray to different energies, and discreet bands due to photons from x-ray 
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fluorescence with energies characteristic of each element of the cell. The quantity of 
interest is the rate of growth of the intensity of each energy channel, which represents 
the rate that the fluorescence photons are generated and is a measure of the 
concentration of that particular element present. By sampling the intensity spectrum 
at frequent intervals, it is possible to obtain a plot of the intensity in a particular 
energy channel of interest as a function of time. The data points can be fitted by an 
analytical function by various mathematical techniques such as by least-mean-square 
method. The first derivative of this function is the rate at which photons of the 
particular energy are detected, which gives a relative measure of the concentration of 
a particular element in the cell. 

[01 00] Because the elements present in the cell are fixed, the rate of photons emitted, on 
average statistically, is constant. Therefore, if all operating parameters are maintained 
constant, the intensity of photons detected in each energy channel is expected to be a 
linear function of time, and its first derivative would be a constant. Determination of 
the rate of detection of photons in specific energy channels of interest establishes the 
background characteristics of the preconcentratlon cell. 

[01 01] In sum, this background data comprises data related to a rate at which photons 
are detected to be emitted from at least one background data energy channel of the 
preconcentratlon cell when the cell is filled with a highly purified form of a fluid of 
interest and exposed to x-rays. 

[01 02] Once the background is established, the concentration of impurities in any flow 
stream can be determined by observing the rate of increase of photons detected as 
the impurity ions are captured in the double layer when a voltage is applied to the 
electrode. However, in order to obtain quantitative measurement of the concentration 
of each element present, two additional calibration steps are needed. The first is to 
determine the sensitivity of the system in terms of relating the photon detection rate 
to the number of impurity elements present (sensitivity data). The second is to relate 
the rate at which the impurity elements are captured in the double layer to the 
concentration in the flow stream (ion extraction rate data). Both calibration steps are 
also part of the data associated with each concentration cell, and are also established 
following the manufacturing process. 



App_ID= 



1=10065683 



Page 25 of 88 



[01 03] The sensitivity data is obtained by replacing tiie distilled water of high purity with 
a first. calibration solution containing known concentrations of one or more impurity 
ions of interest at levels above ttie minimum detection ievels of the x-ray system. The 
procedure for establishing the background is then repeated. Because the 
concentrations of the specific impurities are above the MDL, the intensity of photons 
corresponding to their characteristic energy will grow at a faster rate then in the 
previous case. However, because their concentration is constant, the rate of growth 
will also be constant. Using the same procedure as before, it is then possible to obtain 
a rate of growth of the intensity. After subtracting out the growth rate due to the 
background, the result is the growth rate due to the presence of the impurities in the 
calibration fluid. Since the concentration of the impurity in the calibration fluid is 
' known, it is now possible to quantitatively relate the growth rate to the impurity 
concentration quantitatively. 

[0104] In sum, this sensitivity data comprises data related to a rate at which photons are 
detected to be emitted from at least one sensitivity data energy channel of the 
preconcentration cell when the preconcentration cell is filled with a first calibration 
solution containing at least one element of interest in the fluid of interest in known 
concentration above a minimum detection level of the system and exposed to x-ray. 

[01 05] ji^g calibration step is to relate the growth rate to the concentration in the 
flow stream, to obtain ion extraction rate data . For this step, the first calibration 
solution containing known impurities with concentration above MDL is purged from 
the system and a second calibration solution is spiked with one or more impurities of 
interest at known concentration levels below the minimum detection levels of the 
system. The impurities are introduced into pre-concentration cell under regulated 
pressure to maintain constant flow rate and are shown as input fluid flow S40 \n 
Figure 1 5. Input fluid flow 840\s introduced to the pre-concentration cell lOOvidi the 
inlet flow port 104 and the inlet flow slot or tube array (for the tube array, see Fig. 20 
discussed below). The input fluid flow ^^^^^ continues through the central flow 
intereiectrode gap 222 of the electrode assembly / 12 , and is exposed to a 
predetermined voltage applied across the upper and lower high surface area 
electrodes 2 IS and 220 , respectively, via the upper and lower electrical contacts 336 
and 338 , respectively. Importantly, this predetermined voltage is set below the 
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electrochemical potential of the impurity ion species in the calibration fluid as well as 
the potential that can lead to electrolysis of water so as to avoid any permanent 
changes in the background readings as a result of performing measurements. 

[01 06] The presence of the applied voltage will cause the ions in the flow stream to 

migrate towards the oppositely charged electrode. The rate of migration of each ionic 
species is determined by its electric mobility in the fluid. As the ions reach the 
electrode, they are captured in the double layer, gradually building up their 
concentrations on the surface of the electrodes. During this time, the spectrum of 
photons cumulatively detected are continuously recorded at frequent intervals. The 
double layer formed between the upper electrode ^/^and lower electrode 220 \s 
detailed in Figure 16. The figure shows an exploded view of the interelectrode gap 
222 , the flow stream S40 through it, and the ion migration during the double layer 
formation. 

[01 07] The intensities of photons In the energy channels corresponding to the 

characteristic energy of the impurities in the calibration fluid is sampled at frequent 
Intervals to determine their rates of growth. As long as the concentration of the 
Impurity in the double layer Is below the detection level of the instrument, the rate of 
growth will remain the same as for the background case and its intensity will remain 
as a liner function of time. With continued accumulation, however, the concentration 
will eventually exceed the minimum detection limit for the impurity. As a result, the 
intensity as a function of time will gradually deviate from being linear and the first 
derivative of this function will no longer be a constant, since the rate of detection is 
increasing. The second derivative of this function now provides the rate that the 
impurity ions are being captured in the double layer. Using the scaling factor that 
relates the count rate to the impurity concentration established for the cell, the rate 
can be related to the number of Impurity ions being captured by the double layer. 
Since the concentration of the impurity in the flow stream is known, a second scaling 
factor that relates the growth rate to the concentration is established. 

[0108] 

In sum, this ion extraction rate data (scaling factor) comprises data related to a 
rate at which photons are detected to be emitted from the at least one ion extraction 
rate data energy channel of the preconcentration cell when a second calibration 
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solution containing the at least one element of interest in the fluid of interest in 
known concentration below the minimum detection level of the system is flowed 
through the central flow interelectrode gap at a substantially constant flow rate while 
the voltage application means applies the voltage differential across the electrodes 
below an electrochemical potential of the at least one element of interest and below 
an electrolysis potential of the second calibration solution, and is exposed to x-rays. 

[01 09] For accurate determination of impurity concentrations in a flow stream, the pre- 
concentration cell must be calibrated with background data, sensitivity data, and ion 
extraction rate data for each impurity of interestlo be measured. While the same cell 
can be calibrated for all detectable elements (all impurities of interest), that cell can be 
used only for measuring the concentration of elements for which that cell has been 
calibrated. All of the calibration procedures, however, can be fully automated. Once 
the background and the scaling that relates the count rate to the number of impurity 
ions in the double layer, and the growth rate of the fluorescence photons detected to 
the concentration of the impurity ion in the flow stream are established following the 
manufacturing process, the system is ready for general application to measure (test) 
impurity concentrations in sample flow streams. 

[01 1 0] it is to be understood that the calibration data comprising the background data, 
sensitivity data, and ion extraction rate data described above is a preferred example 
of the type of data that lays the foundation for measuring concentrations of elements 
in the fluid, but that a person of ordinary skill may find other ways of establishing this 
data foundation in a manner that is similarly well-suited to measuring concentrations 
of elements In the fluid, and that is regarded to fall within the scope of this disclosure 
and its associated claims. Thus, in more general terms, irrespective of the specific 
form of this data foundation, each preconcentration cell comprises data associated 
with said cell enabling a concentration of at least one element in said fluid to be 
deduced, and the disclosed method for detecting and measuring concentrations' of 
elements in fluids comprises deducing a concentration of at least one element in said 
fluid, using data associated with said cell. 

[0111] 

The procedure for measuring impurity concentrations (accumulating test data) in 
any sample flow stream is the same as the (final, ion extraction rate data) calibration 
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procedure for relating the growth of the count rate to the impurity in the calibration 
fluid spiked with a low concentration of the impurity of interest. Continuing with the 
description of Fig. 1 5, an electrostatic potential (voltage differential) applied to the 
upper and lower high surface area electrodes 2/^ and 220 and across the fluid flow 
S40 through central flow interelectrode gap 222 establishes a current of migrating 
ions from the fluid flow. For a specific gap 222 and a fixed applied voltage between 
the upper and lower high surface area electrodes 27^ and 220 , the current will self- 
adjust to match the conductivity of the sample to be analyzed. 

[01 1 2] Since the concentration of an impurity in the flow stream is determined by 

measuring the rate at which the impurity ions are captured in the double layer, it is 
essential that the concentration in the flow stream remain relatively constant. 
Therefore, un/fke the design for a deionization cell where the objective is to maximally 
extract the dissolved ions from the flow stream, the operation of this pre- 
concentration cell requires that only a small percentage of each impurity species 
present be extracted , preferably not more than a ^% extraction percentage, with 2%, 
3%, 4% and at most 5% being possible, but successively-less desirable options. This is 
accomplished by adjusting the flow rate to assure there is an adequate supply of the 
impurity ions in the flow stream to allow only a small percentage to be extracted in 
passing through the pre-concentration cell. 

[01 1 3] The migration of the dissolved ions in the flow stream to the electrodes appears 
as a leakage current 7 in the capacitor which is the sum of the partial currents 7. 
associated with each impurity ion of species /, given by 



[0114] where p , is the mobility of the impurity ion in the matrix and /? . is its number 
density, and a is the composite conductivity of the fluid, 0 is the potential applied 
across the electrodes separated by the distance d. The partial current associated with 
each ion species is proportional to its number density in the matrix. At very low 
concentration, it is important to ensure that the impurities are not significantly 
depleted in order to obtain accurate measurements of the impurity content. 



[0115] 



The rate that the impurity Ions are extracted per unit time is given by: 
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^ where q - 1 .60x1 0 ^ ^ Coulomb is the unit charge and A is the ordinary (as 

opposed to the high specific) surface area covered by the electrode. For purpose of 

illustration, consider a flow stream that contains only a single species of impurity, 

therefore, 

q qd qd 

[01 1 7] i.e., the single impurity is the sole contributor to the conductivity of the matrix. 

[01 1 8] The rate at which the impurity ions are available in the flow stream for extraction 
is determined by the flow rate F\x\ volume per unit time, and the concentration of the 
particular impurity. Concentration is defined by 



[0123] 



[01 19] where n and /? ^are the number densities of the Impurity ion and of the matrix, 
i f 

and w , and w^^are the atomic or molecular weights of the impurity and the carrier 
fluid, respectively. 

[01 20] Hence, the rate at which the impurity ions are supplied to the cell is given by: 



[01 21] Therefore, the percent of impurity extracted from the flow stream is given by: 



E =- 



r,, qd Wf ttjCF 

[01 22] which suggests at first glance that the percent extraction is inversely proportional 
to the concentration. 



However, very importantly, for water with a low concentration of dissolved ions in 
the ppb range, the conductivity is essentially a linear function of the concentration of 

-9 

the dissolved ions, with typical values in the range of 2x1 0 /Ohm-cm-ppb, i.e. the 
conductivity may be approximated as: 
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cr « 2x 10"' C /Ohm - cm 



[01 24] where Cis in units of ppb. Substituting for tlie conductivity into the expression 
for € , we find that the ^7 terms cancel out, and thus that at low concentrations the 
percent of impurity extracted from the flow stream is independent of the ' 
concentration. 

[01 25] Thus, at sub-ppm concentrations: 

s = — = i xl00%w2xl0^ ! oc 

r,, qdWffifCF qdwjttfF dF 

[01 26] It is also worth noting that an optimal size for the intereiectrode gap, which was 
discussed earlier, is specified in terms of the above as: 

d ^ ! xl00%«2xl0 ^ xlOO%oc 

qs w^rifCF qsw^n^F sF 

[01 27] This is an important result for the quantitative determination of the concentration 
of elements in the flow stream, because it means that the calibration that relates the 
rate of build up of impurities on the electrodes to the concentration in the flow stream 
remains constant for all ranges of concentration of interest. 

[01 28] Differently stated, returning now to the detection of more than one species of 
impurity, this very important approximation m^diws that so long as all the 
concentrations are in the range where conductivity varies substantially linearly with 
concentration, with variability governed predominantly by the atomic weight of the 
impurity species in question, a single flow rate selected to achieve an approximate 1% 
extraction rate for one species of impurity will also achieve an approximate 1% 
extraction rate for other species of impurity in this linear variation range, even if the 
concentrations of the different species are substantially different from one another 
within that linear variation range . 

[0129] 

As a specific example illustrating the foregoing equations, consider Arsenic with 
atomic weight of 75 amu in a 1 ppb concentration flowing through the 
preconcentration cell with two electrodes each covering an ordinary surface area of 1 

cm ^ . To avoid any electro-chemical process from occurring, the applied potential 
needs to be Icept below 1 volt. To minimize the amount of water entrained in the cell, 
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the gap spacing should be kept small. From practical considerations, a typical gap 
spacing might be 1 mm, though the discussion just preceding provides further detail 
regarding the quantitative optimization of this gap spacing. 

[01 30] The Arsenic ions will then be extracted at the rate on the order of: 

r (2xlO-Vn-cm)(lVoU) .^Qu^^^^^ 
(1.6x10-" Coulomb) (0.1cm) 

[01 31] U^eep the extraction at 1% level, the cell needs to be supplied with 10^^ 

ions/sec. Hence, the number of water molecules containing the Arsenic impurity at 1 

ppb concentration that need to be supplied to the cell to maintain extraction at 1% 

level is given by: 

_ _ 75 (10'^#/sec) 



C 18 10 ■ 



- = 4,17x10^ #/sec 



[01 32] where the molecular weight of the matrix is taken as that of water with a value of 

22 3 

1 8 amu. The molecular density of water at room temperature is 3.3x1 0 #/cm 
Hence, the flow rate needed is on the order of: 

^ (4.17X10^#/Sec) ^^^3, nAn ^, • 

^ = 7 — :: — r = 1.25cmVsec = 1.25 mL/ sec = 74.7mL/mm 

(335x10^^ #/cm^) 

[01 33] Assuming the flow channel has a cross-sectional area of 0.1 cm ^ , the flow 
velocity required would be in the range of 1 2.5 cm/sec. 

roi 341 ~s 

^ ^ In contrast, suppose the arsenic is now in a 1 0 ppb (i.e., a 1 0 ) concentration 

ten times as much as in the prior example. Arsenic ions will then be extracted at 1 0 

12 14 

#/sec, requiring a 1 0 #/sec supply. With w , / w remaining constant, n ^ / C 

13 -9 14 -8 * ' ^ 22 

goes from 10 / 10 to 10 /lO , and a? ^ remains constant at 4.1 7x1 0 

water molecules per second or 75.4ml per minute. So, in the (typically sub-ppm) 
range where the conductivity and concentration are linearly related, the flow rate to 
achieve a ]^ extraction remains unchanged, and independent of concentration . 

[0135] 

Finally, suppose that in either of the above two examples, one wished to measure 
lead concentrations in addition to arsenic concentrations. Because the flow rate is 
independent of concentration in the sub-ppm range, all that changes is that the 
arsenic atomic weight of 75 is replaced by the lead atomic weight of 207, which is an 
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207/75-folcl Increase. The lead ions will also be extracted at 1 0 per second, and 

so a 1% extraction implies a 1 0 ^ ^ per second supply. However, this means that one 

would need to flow (207/75) x 4.1 7x1 0 water molecules per second or 208 ml per 
22 

minute. If the 4.1 7x10 water molecules per second or 75.4 ml. per minute flow 
rate is maintained for purposes of a 1% arsenic extraction, then only 1 /2.76 = A% of 

the lead ions will be extracted, which is certainly an acceptable number. Obviously, for 

multiple species, dne would aim to have a maximum extraction of about 1% (though 

as noted above one can less preferably go as high as 5%) and would thus pick a flow 

rate giving an approximately 1% extraction rate to the lightest element to be detected, 

and thus giving somewhat lower extraction rates to the heavier elements to be 

detected. 

[01 36] The above values are provided as Illustration of the flow rate required to limit the 
extraction to 1% of the impurity based on the conductivity of the matrix with 1 ppb 
concentration. At higher concentration levels, the conductivity and hence the 
extraction rate will be higher. However, there are proportionately more ions in the 
flow stream such that the percent of ions extracted will be the same at the same flow 
rate. Hence, the accuracy of the measurement is preserved over the entire range of 
impurity concentrations (typically sub-ppm) where the conductivity is essentially a 
linear function of the concentration. Therefore, the dynamic range of this instrument 
and measurement technique extends over many orders of magnitude of concentration 
levels from the sub-ppb to the ppm range to provide the same accuracy of 
measurement, and the variations introduced by differing atomic weights of different 
impurities species are easily dealt with. 

[01 37] If the extraction procedure is continued indefinitely, the impurities will continue to 
build up in the double layer. The amount of charge that the capacitor can hold is 
limited by its capacitance and the capacitor will eventually saturate. Once saturated, 
no net current will continue to flow. However, ion exchange will continue to take place 
with the high valence state Ions replacing the low valence state ions in the double 
layer. This ion exchange process will distort the relative concentration of impurity ions 
trapped in the double layer, thereby distorting the measurement of concentrations in 
the flow stream. 
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[01 38] To preserve the accuracy in interpretation of the data, it is important to avoid 
saturating the electrode surface. This is one important reason for requiring the 
electrode to be made of high surface density material such as NCC. Typically, such 
material is capable of holding 1 0 mg of foreign material per gm of native material, i.e. 
approximately 1% by weight, or 1 0,000 ppm. The detection sensitivity of the XRF . 
technique is on the order of 1 ppm. Therefore, as long as the particular impurity 
concentration is greater then 0.01% of all the other impurities present, it would be in 
the detection range of the system. Stated simply, a system as disclosed herein 
employing NCC electrodes will not saturate until there is 1 0,000 times as much 
foreign matter In the NCC as Is needed to achieve an XRF detection at a 1 ppm 
sensitivity. 

[01 39] This saturation can be observed by monitoring the leakage current. When the 
voltage is first applied to the electrodes, the ions in the immediate vicinity of the 
electrodes will be collected and appear as a measurable current. When these ions in 
the immediate vicinity are depleted, then the leakage current will gradually drop to an 
asymptotic value to reflect the rate at which ions in the flow stream can migrate under 
the effect of the electric field to the electrodes. This asymptotic leakage current, 
therefore, is a measure of the total concentration of dissolved ions in the matrix, as 
long as the electrodes are not saturated. As the electrode approaches saturation, the 
leakage current will gradually decrease and eventually vanish. Therefore, by 
monitoring the leakage current, the state of saturation of the electrodes can be 
monitored. 

[0140] stated above, once the electrode surfaces are fully saturated, no net electric 

current will flow. However, the impurities in the input flow stream S40w\\\ continue to 
diffuse and can reach the electrodes where the higher valence state ions will replace 
the low valence state ions. By maintaining the flow after the electrode has saturated, 
the high valence state impurity ions will eventually build up to a sufficiently high level 
to become detectable. Since the concentration of the higher concentration impurities 
can be measured before saturation, the electrochemistry of the sample fluid can be 
understood, thereby allowing the ion exchange rate between the different impurity 
ions to be determined. This fact can be exploited using ultra-low trace element 
measuring means to detect and measure the concentration of ultra-low trace, high 
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valence ions in higli conductivity fluids such as electrolytes, based on detecting the 
saturation state via the leakage current. 

[0141] As discussed above, because extraction rates are kept low, the concentrations of 

impurities in the feed stream are not altered by more than a few percent at most. The 

ions are only captured until the analysis period is completed and then they are 

returned to the media from whence they came , as discussed further in connection 

with Figure 1 8. The invention disclosed herein requires only a small amount of NCC 

material in a single cell, because it is only used for detection and not removal. It can 

be configured to be controlled remotely over a telecommunications link, either 

directly, or by wireless means or via networks such as the Internet. The preferred 

system-specific operational user Interface software is currently constructed in the 
TM 

LabView architecture, a commercial program that allows for integrated control of 
hardware and software. LabView provides the means to set operating parameters and 

run the system via a virtual interface on a computer system connected to the system 

directly or remotely such as through the Internet or by wireless means. Alternatively, 

other terminal emulator programs can be employed, such as PC-anywhere and 

Timbuktu, or custom developed software to remotely control the system operation. 

Regardless of the means, because the operation of the present invention is capable of 

being fully automated, it can be controlled from remote locations. The remote 

operator would have all of the capabilities of an on-site operator such as system 

startup, emergency stop, test specifications, data analysis, data download and data 

review. The system can also be configured to operate automatically, reporting results 

of the analysis to remote locations. To prevent from unauthorized tempering, access 

to the operation of the system can be protected by password control. Obviously, the 

system would benefit from advances in remote computer communication technology 

and therefore the technology described above is a means of example and the present 

Invention is not limited to the use thereof. 

[01 42] During or after the pre-concentration cycle described in Fig. 1 5, x-ray 

fluorescence is used to analyze the ions collected in the cell 112. Fig. 1 7 is a 
flowchart describing the measurement and analysis process in this system when this 
x-ray analysis is preformed during the preconcentration cycle . At block 960 xho: x-ray 
source emits the x-ray energy and it is directed towards the pre-concentration cell 
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100 , At block 962 , the sample fluid flows through the pre-concentration cell 100 , 
and the electric potential draws dissolved metallic ions to their preferential high 
surface area electrode 21 8 ox 220 , either positive or negative. The energy from x-ray 
source means 644 is sufficient to fluoresce the captured ions, which then radiate at a 
lower energy than the excited source energy, characteristic of the ionic species. At 
block 964 , this fluoresced signal is captured by the detector means 648 , At block 
966 , the detector signal is processed by the multichannel analyzer 652 , and 
subsequently sent to the host computer 654 for automated software analysis in block 
968 . This system utilizes a standard computational system with system specific 
operational software and automated data analysis software. The computer can pass 
through the data from the multichannel analyzer directly to block P7(7 where the 
intensity spectrum can be stored, or process the data in real-time with the analysts 
software. The automated analysis software assesses the fluorescence data provided by 
the multichannel analyzer ^52 and identifies the intensity peaks associated with the 
elements in accordance with their characteristic fluoresce photon energy to output 
their concentration in the sample fluid based on the duration of concentration and the 
calibration values associated with the particular concentration cell. The x-ray analysis 
results are stored in block 970 for later retrieval. The end user can select to retrieve 
the data, for example, as a fluorescence spectrum file as in block 972 or, for example, 
as analyzed data showing element and concentration as in block 974 . Concentration 
can be shown, for example, as a percent of the total or as a "part per" number. 

[0143] 

As a monitoring instrument, the user can also preset certain predetermined 
threshold concentration values for the system to sound an alarm or trigger certain 
corrective or preventive actions automatically when the threshold value is exceeded 
(triggering means for triggering an action when the system detects that a 
concentration of at least one element of interest in said fluid has passed i.e., dropped 
below or exceeded a predetermined threshold concentration). For example, not 
limitation, an alarm can be employed for process fluids where a dissolved element is 
depleted by the process or builds up in the stream and needs to be automatically 
monitored and adjusted if the concentration falls outside of a specified range of 
values, and the action of either injection of concentrated material into the stream or 
dilution of the stream based on the alarm is utilized to maintain the specified values. 
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That is, the triggering means may trigger injecting at least one element (the detected 
element or another element) Into the fluid, and / or it may trigger diluting at least one 
diluting fluid (more of the original fluid, or a different fluid) into the fluid. 

[0144] As shown in Figure 1 8, at the end of the measurement cycle, the high surface area 
electrodes 2/^ and 220 are electrically shorted. As a result of employing such ionic 
release means for cleaning said preconcentration cell after use, the double layer 
disappears and the captured ions are released back into the output fluid flow 842 
through the central flow interelectrode gap 222 , such that they are returned to the 
media from whence they came. This resets the pre-concentration cell 1 00 to its initial 
state and thus completes the full cycle. The call can thereafter be reused. 

[0145] While the invention disclosed herein is intended to provide impurity 

measurements on site and can be installed on-line for continuous monitoring of the 
impurity concentrations in a flow stream, the pre-concentration cell can also function 
in a stand-alone mode to take samples at remote sites. This is independent of Xhe X- 
ray and other testing, monitoring, detection, communications, and analysis equipment 
that further facilitates use of the pre-concentration cell. These remotely-gathered 
samples are then characterized by the X-ray source and detector/multi-channel 
analyzer system and procedures disclosed herein after the sampling is complete. 
Simply stated, samples can be collected in the cells themselves without all of the other 
equipment needed for testing and analysis, and the cells can then be moved to a 
different location for follow up testing and analysis. 

[0146] 

As discussed In detail earlier, prior to its use for testing, each pre-concentration 
cell is first characterized (calibrated) to establish the background, sensitivity, and ion 
extraction rate. The pre-concentration cell, along with the voltage application, flow 
control, and leakage current monitoring hardware can be designed to be removable 
from the system to operate in a stand-alone mode. The pre-concentration cell can 
then be connected to any flow stream through standard flow connectors to sample the 
flow stream for a predetermined period of time based on estimated concentration of 
impurities in the flow stream determined from the leakage current observed. Upon 
completion of the sampling period, the outlet and intake valves on the pre- 
concentration cell are shut off, in that order, to trap some of the flow stream in the 
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cell before disconnecting from the source. The electrodes preferably remain charged 
by transportable voltage supply 38S to be shortly discussed, or the voltage may be 
turned off. In the absence of an applied voltage, the ions trapped in the double layer 
will, however, return to the fluid trapped in the cell, and a voltage will then need to be 
reapplied later on to re-form the double layer on the electrodes. The pre- 
concentration cell can then be inserted into the complete system x-ray system to 
measure the Impurity concentrations in the cell. 

[01 47] A transportable preconcentration cell 1 01 suitable for this alternative operating 
method of sampling in an environment where x-ray source and/or detector 
equipment is not immediately available is shown in Fig. 1 9. In this method, the pre- 
concentration cell is configured for stand alone operation in order to collect the ionic 
particles at any desired location. After the preconcentration is complete, the pre- 
concentration cell is capped with the fluid inside and a voltage continuing to be 
applied, and transported to a laboratory or alternative environment equipped with the 
x-ray source, detector and analyzing system described above in Fig. 14. 

[01 48] Thus, as shown in Fig. 1 9, similarly to the preconcentration cell 1 00 of Fig. 1 3, 
fAa/?^^^/^^/?/? preconcentration cell 1 01 includes cell body 102, inlet flow port 104 , 
inlet flow valve 3S0 , outlet flow port 106 , inlet flow slot 108 , electrode assembly 
/ 12 , fasteners 109 , outlet flow slot I/O, outlet flow valve 3S2 , valve control 384, 
electric potential and current meter 386, and leakage current monitoring means 388. 
However, this transportable preconcentration cell lOI also comprises a transportable 
voltage supply J^5such as but not limited to one or more batteries or fuel cells, a 
control chip 387 , a, positive voltage cell lead 381 , and a negative voltage cell lead 
383 . The transportable voltage supply 38S and control chip 38/ are preferably 
embedded into cell body 1 02 and connected to leads 381 and 383 in order to 
minimize the need for excess space and to work Integrally with the x-ray source and 
XRF detector in the same configuration as the pre-concentration cell 100 earlier 
shown in Figure 13. In a less preferred embodiment still within the scope of the 
invention, transportable voltage supply 385 and control chip 387 are maintained as 
separate modules attachable to the cell of Fig. 1 3 so as to supply the voltage. 

[0149] 

The operation of transportable cell /OJ follows the flow chart in Figure 20. First, 
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fluid flows through the cell and ions are captured in the preconcentration cell with 
voltage applied and maintained through voltage application means SS9 , which may 
comprise voltage from an external voltage source, or voltage from transportable 
voltage supply 38S. Once preconcentration is complete, the cell is capped to keep the 
fluid and ions Inside, and the voltage is either smoothly cut over from the external 
voltage source to the transportable voltage supply 3SS , or, if transportable voltage 
supply 3S5 )NdiS used all along, application of the voltage from transportable voltage 
supply 3SS is simply maintained. This is all designated generally at block 952 . This 
capping and continued application of a voltage maintains the ions in the double layer 
formation after preconcentration and throughout transport, and allows the cell to be 
transported to a laboratory with the necessary x-ray equipment shown in Fig. 14 to 
conduct immediate measurement and analysis without having to apply a voltage to re- 
entrain the ions in the electrodes via double layer formation. 

[01 50] It should be observed, while the cell of Fig. 1 9 is transportable due to the 
transportable voltage supply J<55 which allows application a voltage across the 
electrodes during transport, that this cell can most certainly be used with the method 
described In Fig. 1 7 with the x-rays applied during preconcentration, wherein the 
voltage application means during preconcentration comprises transportable voltage 
supply -?^5 rather than some external voltage source. In other words, if desired, 
transportable voltage supply J<55can supply the voltage for preconcentration even 
when no transport is required, and can also be used for entrainment maintenance 
when transport is required. 

[01 51] Once preconcentration cell 10] has been transported to a laboratory with 
necessary x-ray equipment, it is exposed to x-rays via x-ray source 644 , as 
designated by block 960 . The x-ray fluorescence emissions from the pre- 
concentration cell are then collected by detector 648, as designated by block 964 . 
Thereafter, processing proceeds through blocks 964 , 966, 968 , 970, 972 , and 974 
in substantially the same manner as was earlier illustrated and described in 
connection with Fig. 1 7. When everything is complete, cleaning of the cell proceeds in 
the same manner as in Fig. 1 8. 

[0152] 

At this point, we will discuss some further quantitative considerations pertaining 
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to this device, system and method, in order to provide a better idea of how all of the 
operational parameters relate to one another, to the samples being tested, and to the 
measurements that are desired. 

[01 53] As discussed above, the thickness of the electrode nearer to the source and 

detector should not exceed the optical depth of the photon to be detected, that is, 
this thickness should be less than or equal to . 

[01 54] The interelectrode gap. in turn, is determined by the pressure/flow rate conditions 
and the partial conductivity of the ions of interest. The Kapton windows can support 
about 1/10 atm. without excessive bowing (<100 microns). To limit the impurity 
extracted from the flow stream to around 1% of its initial value, with the applied 
voltage limited to approximately 1 Volt and a typical gap spacing of 1 mm, the flow 
rate needs to be at 1 .5 mL/sec. or 90 mL/min. through a cell with a typical volume of 
0.1 cm ^ . This is well within the flow rates achievable with 1/10 atm. Inlet pressure 

for a cell volume defined by a 1 cm ^ window substantially matching the XRF 
interrogation spot area and a cell interelectrode gap of 0.1 cm. 

[01 55] Based on the known strength of Kapton and the thickness chosen, the window can 
support the pressure for flow rates significantly greater than the 90 mL/min required 
to maintain extraction well below 1%. Increasing the flow rate, however, does not 
increase the concentration time required to reach MDL The concentration time 
required to reach MDL is given by: 




[01 56] where A/, is the number of impurity ions captured by the electrodes required for 

detection, and T . is the rate these are extracted from the flow stream 
le 

[01 57] The number of Impurity Ions needed for detection Is determined by the sensitivity 
of the Instrument. Detection sensitivity, like impurity concentration, is usually defined 
In terms of mass ratio as: 

[0158] 

where V is the volume of the host material in the cell with number density n of 
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atomic weight w . Since most of the signal and background arise from the "upper" 
electrode closest to the "upper" window, l/^ can be estimated as the volume of the 
first NCC electrode with ordinary surface area A and thickness . If the electrode is 
filled with water, its number density and molecular density can be taken as that of 

water, n = n ^ = 3.3x1 0 #/cm ^ and iv = w , = 1 8. 
c f c f 

[01 59] The extraction rate is previously given as: 
r '—A 

[01 60] Making the substitution into the time required to reach MDL, the resulting 
expression Is: 

WfSen.qd SI Si 

t = — i i C3C OC 

Wt <J<1> cr C 

[01 61] i.e., the concentration time required to reach MDL is directly proportional to the 
detection sensitivity of the instrument S and the thickness of the electrode , and 
Inversely proportional to the conductivity of the matrix a . To understand the final 
proportionality, recall the important result that for low impurity concentration in the 
sub-ppm range, the conductivity is a linear function of the concentration that can be 

-9 

represented approximately as a 2x1 0 C/ Q -cm, where Cis in units of ppb. 
Therefore, the concentration time required to reach MDL is Inversely proportional to 

the concentration as is to be expected. Similarly, if the sensitivity of the system is 

poor, i.e. S is numerically larger, or if the electrode thickness is excessive to Introduce 

more host material, the concentration time needed becomes longer. Note also that 

increasing the flow rate does not reduce the required concentration time, as has 

already been concluded, but does improve the accuracy of the measurement by 

reducing the change in concentration of the matrix, that is, by extracting a smaller 

percentage e of contaminants. It is also worth noting that the time required to reach 

MDL Is also independent of the ordinary surface area A covered by the electrode. This 

is because increasing the area increases the collection rate as well as the amount of 

host materials proportionately. 



[01 62] 



As an example, consider again the concentration of 1 ppb arsenic in water in a cell 
with electrodes measuring 1 cm ^ by 100 micron thick separated by a distance of 2 
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mm with 1 Volt applied across them. The conductivity of the matrix with 1 ppb 

-9 

concentration is 2x1 0 / Q -cm. Substituting these values into the expression for 

concentration time needed to reach MDL for an instrument with sensitivity S = 10 
(i.e. 1 ppm): 

^ ^ (18amu) (10-*X2xlO-'cm)(3.33x 10^cm-')(1.6x 10-*'Coulomb)(10-'cm) 

(75amu) (2x10 Vn-.cm)(l Volt) ~ ^'^^ ^ 

[01 63] Therefore, to detect Arsenic in a matrix with a 1 ppb concentration may require 4 
hours of concentration time. However, for 1 0 ppb, which is the current international 
standard for acceptance of As concentration in drinking water, the concentration time 
required is only one-tenth as long, i.e., approximately 25 min. 

[01 64] One question that arises particularly when one does not know a pr/or/ what 

concentration to expect is how long to run the cell? In many situations, the user will 
have a target MDL, for example, the user may wish to see if arsenic in a drinking water 
supply exceeds the EPA limit of 1 Oppb. Thus, the user runs the cell for the length of 
time necessary to detect 1 Oppb e.g., 25 minutes under the scenario described in the 
preceding paragraph and if there is nothing detected, then the user knows that the 
arsenic is below the EPA level. Thus, the concentration time here is based on the time 
required to accumulate a concentration up to a target MDL, that is, it is based on 
setting the impurity concentration Cto a predetermined desired concentration 
detection level and then deducing the required concentration time accordingly. This 
timing control means can be automated, or can be manual. 

[01 65] Whether timing control is automated or manual, this means, in sum, that one can 
control how long the fluid flows through said ionic preconcentration cell based on 
setting an impurity concentration C, in a range where conductivity varies substantially 
linearly with concentration, to a predetermined desired concentration detection level 
and flowing the fluid for a time f given by: 

t QC QC 

a C 

[01 66] wherein 5designates a sensitivity of the x-ray detection system; designates a 
thickness of the upper high surface area electrode; and a designates a composite 
conductivity of the fluid. 
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[01 67] 



In a different situation (with no target MDL), one could simply let the system run 



to saturation and then stop and obtain whatever sensitivity readings are yielded at 
saturation. In particular, there is a linear relationship between time and sensitivity 
which holds as long as saturation Is not reached. The user would generally know 
which sensitivity is desired and would proceed on that basis. However, a monitoring of 
the leakage current alerts the user as to when saturation is approaching and the 
numbers might then not be as accurate as desired. Since the data is taken as a time 
series, this detection of the leakage current can then be used to "stop" the fluid flow 
(by the user or by the control system) to obtain the best/most reliable result, or more 
generally to control the period of time for which the fluid flows. 

[01 68] The function of the pre-concentration cell is to concentrate the Impurities to 

facilitate their detection and quantitative measurement by identifying intensity peaks 
associated with the characteristic energy of the fluorescence photons in the spectrum. 
By maintaining a constant flow rate and keeping the extraction ratio small, the rate of 
concentration is constant and roughly independent of flow rate, as discussed above. 
Therefore, by reference to the established calibration and scaling values, the 
concentration in the sample can be related quantitatively to the concentration in the 
flow stream through lookup tables stored in the computer. For detection of different 
elements, the energy of the primary x-ray may be varied to maximize signal to noise 
ratio. 

[01 69] An example of the static operation of an XRF follows: In a region of the spectra 

where one would measure arsenic, the photon scattering into the continuum from the 
described window/water/ NCC system (as an example, using a cell designed for atomic 

number 30, 4 cm ^ by about 0.2 cm thick) contributes about 0.5 counts/min/eV and 
the signal In the peak of the 1 ppm (0.8 n grams) arsenic K-line is also about 0.5 

counts/min/eV. After about 20 min the peak height is about ten counts as is the 

continuum. The fluctuation in the continuum is about three counts which yields a 

signal to noise of about 1 0/3 or three. 



An example of the dynamic operation of an XRF follows: A lOppb solution of As in 
water would contain 0.01 microgram of As per cc of water and at a 120 cc/min (2 
cc/sec) flow rate would be available at a rate of 1 .2 micrograms/ minute. The 



[0170] 
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conductivity of such a solution is about 2*10 mho/cm. The resulting current is 
made up of both anions and cations so half of the current provides the Ion deposition 

rate. With cell dimensions of 4cm ^ * 0.1 5 cm (area * gap) and applying 1 .5 volts, one 

would deposit 2.4*1 0 ions/sec or 0.3 nanograms/sec or 1 8 nanograms/min. To 
deposit 0.8 micrograms would require 45 minutes and removes approximately 1.5% of 

the original As. The continuum background would grow linearly with time but both the 

signal and the amount of As deposited would grow linearly with time, hence the signal 

would grow quadratically with time. That is, 0.01 8 micrograms/sec * t * (0.5 

cnts/min/eV/0.8 micrograms) * t = 13.7 counts/eV for the signal at 3 5 minutes and 

the noise is sqrt (0.5 counts/min/eV*t) = 4.2; thus 1 3.7/4.2 = Signal/Noise = 3.3 at 

35 minutes. This crude analysis uses peak to background for the signal to noise. A 

more sophisticated peak fitting/peak area analysis would show similar but better 

quantitative results. 

[01 71] Finally, once a cell has been used, it is necessary to clean the cell for its next use 
by purging the captured ions back into the fluid stream from whence they came. 
Various ionic release means for cleaning said preconcentration cell after use can be 
used to cleanse the cell automatically. They include removal of the applied voltage, 
temporary reversal of the applied voltage, or simply by shorting out the two 
electrodes. These techniques can be used in sequence or by themselves, depending 
on the structure of the electrode material and the level of impurity concentrations on 
their surfaces. The cleansing process returns all of the captured ions to the fluid 
stream. As the amount returned is no greater than the amount removed and this 
stream is usually of a smaller volume than the original stream, the transient Increased 
concentration is negligible. 

[01 72] alternative embodiment of preconcentration cell 100 shown in Fig. 2 1 , the 

inlet flow means comprises inlet flow slot 990 and the outlet flow means comprises 
outlet flow slot 992 respectively, but in a configuration differing somewhat from that 
of Fig. 1 . In a further alternative embodiment shown in Fig. 22, the inlet flow means 
comprises an array of a plurality of inlet flow tubes 990 and the outlet flow means 
comprises an array of a plurality of outlet flow tubes 992 . The array of inlet flow 
tubes 990 and the array of outlet flow tubes 992 both comprise a series of 
passageways of substantially circular cross section bored In the same plane as the 
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central flow interelectrode gap 222 which are all substantially parallel to each other 
with substantially equal spacing therebetween. The cross-sectional shape of inlet flow 
tubes 990 3Lnd outlet flow tubes P^2and their spacing and parallelism can be varied 
at will within the scope of this disclosure and its associated claims so long as these 
tubes permit the aqueous solution being tested to properly flow therethrough. 

[01 73] Aligned with the each of the Inlet flow tubes 990 and the outlet flow tubes 992 of 
Fig. 22, but on diametrically opposite sides of inlet port 104 and outlet port 106 , are 
a series of optional Inlet flow channel access holes 994 and outlet flow channel access 
holes 995 respectively. These flow channel access holes 994 and 996 are an example 
of how to provide a debris cleaning means for cleaning debris from the inlet and 
outlet flow means, as necessary. Flow channel access holes 994 dind 996 ave closed 
and unused during the operation of the pre-concentration cell 100 . 

[0174] Additionally, inlet flow tubes 990 of the pre-concentration cell /t?^7 optionally 
comprise flow turbulence enhancement means 850 for enhancing the turbulence of 
the input fluid flow 840 , thereby inducing mixing of the flow stream to allow the 
impurities to be more uniformly extracted from the flow stream passing through the 
concentration cell. Such flow turbulence enhancement means can also accompany the 
embodiments utilizing flow slots as opposed to flow tubes. As shown in Fig. 23, the 
flow turbulence enhancement means SSO are arranged all along the array of input 
flow tubes 990 of the pre-concentration cell 100 . Although the flow turbulence 
enhancement means ^5^? shown in Fig. 21 are illustrated as tabs placed on a diagonal 
at even Intervals, they can actually be any shape and placed In any distribution that 
would be known to someone of ordinary skill for enhancing flow turbulence. 

[01 75] While only certain preferred features of the invention have been illustrated and 
described, many modifications, changes and substitutions will occur to those skilled 
in the art. It is, therefore, to be understood that this disclosure and its associated 
claims are intended to cover all such modifications and changes as fall within the true 
spirit of the Invention. 
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